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FOREWORD 


Contract NAS? PfifiS mm 2 ^ activities performed under NASA 

na J 3 -26664, "Modeling of Thermal Barrier Coatings". The 
objective of this work was to examine the effects of intSfice 

response Properties on the thermo-mechanical 

? thermal barrier coating system to a typical burner 

conrtn?? r H a i C X Cle uslng the fir »ite element method. The study was 
Teraultn n^r^‘ T '^ KraUSS ' Mr ‘ G ’ J * Petrus Dr. B.L Y 

was^P?LcfparSiest?gato?' Techno1 ^' Inc ' F «9uson 

nf H1 cf e r Cia ' thanks are due to Dr. A. Freed and Dr. W. Brindley 
tfrhn?^ Res ® arch Center for their valued input during 

inf£?mS?lnn 1SCUSS1 °? S and their sharing of relevant data and 
coatings concerning the complex subject of thermal barrier 
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1 • o SUMMARY 


creep T behavior e of Tthermfl^® e “ ective ? ess of studying the 
use of a general Durnosp i a arri ® r coating system through the 

have 

attention on the cprSLiS _ i ^ The ^ eas °n for focusing 

studies have shown that cracking'^occu^^i^the cl that Pri ° r 
interface features whiVh a/ ,f . 9 occurs m the ceramic near 

model conditions examined include^if tS^b^d 3 * 10 ? points * The 
of thermal expansion curves- Zk* tW ° b ° nd coat coefficient 
exponent of the bond coat for steadv tlttl coef f lc f? 1 ?t and creep 
interface geometry and iv\ fho ! ? Y creep; 111 ) the 

represent the bond'coat, ceramic, an^supe?^ loyTase^ t0 
thermal barrfe^coSi^La!? 6 StreSS and strai " states of 

^ f s t LSssLsrs a ES ? 

used to investioate material k k ® 0< ^el parameters can be 

is a tool that can be used to au^en?' physical 

thermai r |ySllng f ha| 1 a y oro^ eeP °5 b ° nd coat materials during 

state of ^he clramfc tS°S C For P ?Se b" StreS ? and stra?n 

SSnefrig°oJc?r?hfr“a? 0 up e a ^ re . a «revating 9 po^^„ of the 

stress 

separation. The effect of bond coat CTE^n^nl^ 131 /” lnterface 
part dependent on fatigue strenath of fh 0 k T ? C P e f formanc e is in 
CTE subjects the bond coattoa 9 ^ ohf h S b ° nd COat ‘ A hi 9 he r 
rig testing, and this strain cycled induip du f in ^ burne r 

coat, a higher bond coat creep strpnof h^h 06 ! 5 at ^ gue ln the b °nd 
performance. Model results showpd^H 9 ^! hould ^ive better TBC 
caused more creep in the bond mat 1 ° wer cree P resistance 

stress in the ceramic^ without decreasing the peak 

the models were a? pe^ks in ?he C infp n J rati ° n • Sit6S ident ifi*d by 
in the adjacent ceramic^ ^material^ W ^- high6St stresse = 

locations identified by other experimenter!? 3 ° S matCh crackin< ? 
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2 . 0 INTRODUCTION 


a meflll! application of a thermal barrier coating (TBC) provides 
a method for improving turbine efficiency by allowing the engine 

turbin^bTad* h ^? er tem Peratures. By coating the surface of a 
^ 5 !' b '! d Wlth a eeramic material having a low thermal 

?empe?^e Y in S the b? f tria f tahi } ized zirconia, the maximum 
temperature in the blade can be maintained below a critical level 

nroh?LS' °^ ust i? n tem perature is increased. However, three 

practice ^irst^th^ ^ ? SS ° f thiS technology in commercial 
SofJJi' . Flr ^ thermal stresses due to the difference in the 

mav f be' ltrtt ° f th ® r J al expansion of the blade and the coating 
enough to crack and spall the brittle coating. 9 

increasL coatinri^^h^® H Se -° f 3 con, P liant bond coat material 
increases coating life by reducing the effects of thermal 

is P deDendeni S ?n tCh i' Second ' the effectiveness of the bond coat 
The^Pr^™?^ 3 larg ® measure on its corrosion resistance. 
h!lnd outer coating does not offer corrosion resistance to the 

bnnH Z l material, and the growth of corrosion product at the 

reduce the"p??p a ?^ C lnterface aids spalling of the ceramic to 

effectiveness of the TBC system. The third hindrance 

the lLk e Hf 1 H Pnient an< ? ^-mplementation of this technology has been 
coat and guid ff ines thrt relate TBC performance to bonS 

.. __. and ceramic properties. The primary reasons for this is the 

complexity S^th^^b Wit ? P h y sical experiments and the 
f the interrelationships between thermal and 

this thi?d area 168 *** perf ormance • This Project focuses on 


2on iJ Y ?r' ii 1 ?' x b ? nd c ? at is a high density layer 130 to 
oroceL i® 8 mils) in thickness applied by a plasma spray 
bonS po ^ ou ? ceramic top coat is then deposited over the 

system The 9 bond C Vi**"? Spray pr ° cess ' to complete the TBC 
enhanrinn U? at haS been shown to improve TBC life by 

orotect?n« adhar f nc ® of the ceramic to the substrate and by 
e subsstrate from oxidation. (Hillery88 , DeMasi89) 
mini thickness has also been shown to affect TBC life with 

Lteria^ " eeded £or actable life. Bond colt' 

lonall TBC Cr f?f strength have been found to produce 

. . g , TBC 1:L te. (Hillery88) The achievement of enhanced life 

tiCht 9 5pb Se ° f i a b ? nd C ° at is de P endent °n the development of a 
binH^Cfh compliant bond between the ceramic top coatand the 

bond lnce the actual bond between the ceramic and the 

ond coat is more mechanical than chemical in nature, the bond 
coat must provide mechanical locking sites (a rough surface) 
Because the ceramic top coat is weak in tension, the bond cok 

must minimize thermally induced stress in the ceramic top coat 
during cyclic heating and cooling. eramic rop coat 
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result h of r ?hf^ SS ° f the b ° nd coat - ^ramic interface is a 

o?”str a ™*^ ' k^^tonghness^Xso pl^vlle^^series 

sS“ 

is^EE “ “ s TBC 

elastic „i I.f? w S tJ ? e TBC s y st em. Their analysis assumed 

ss£5.-ias “ ~ “ - al, -=af — 

The principal objectives of this work were: 

' properties o^thfthe^eec^S? Ill pon^ 

ss’srss .Tatrissr burLr rig 

' barrier ^coating syite»s; 9 Inf UneS f ° r deSign ° f thermal 
augment ing S phys i ca 1 experiments as a means of 

IT “f - a ^s 0 ^r? h e b0 ^c C s°Ster d T L he g"L e ?rIe t ra n S h ° f “* 

discussed r6 = UlPs ara Presented in Section " f^d 

stSdy Section 5. Section 6 contains conclusions for this 
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3.0 FINITE ELEMENT MODEL DEVELOPMENT 

study^L'a^eJivaU^nf^ thlS ” ,olleli ng 

modeler. This comouter nr!? 20 ' J arge deformation stress 
Lawrence Liverao?" Na?ional 9 T ^ deVeloped °riginally at 

OCT to operate on 80486 class rc^TIteadv*^ 66 " P ° rted by 
was used to examine the a * " steady state creep model 

cycle on mtrJTSS Slo £?££.«- 
3*1 Model Geometry 

as the geometry 0 to°modei yP1 The bond^ r J g t a St bar was seleote d 
were applied to the outer surfacl ot the bar ° uter coat 

was assumed by this geometrv a 5 ar : Since axisymmetry 

used to develop the finite elemoni 91 K radlal cross section was 
dimensions ioAh^vadoul SSTLSS ns 

superalloy bar radius: 0.0127 m ( 0.5 i n » 

~ aver age bond coat thickness: 130 fim ( 5.1 mils) 

- average ceramic coat thickness: 250 nm ( 9.8 mils) 

thicknesses. thicdcnesses correspond to typical TBC system 

modelSMTdSL^e^o s?mula C ?f ' 2 erMic interface was 
axis of the test ba^ a ! 2 J 5 ? te s “ rface roughness along the 

modeled for comparison SDecif ic ^? 3 ?^^ 88 interface was also 
shown in Figure 3 1 1 * The hacor^ 6 ' interface geometries are 
designated by the tera sin? ? sinusoidal interface is 
amplitude i ?5 times S geometr y used a wave 

has a wavelength 0.5 times that'of 9 ??!!?^ 7, and SINE _ 3 geometry 
simulating rouqhness th! f-5 ? Z 5 ? INE - 1 geometry. m 

to increase the surface rough?ess° The^ffect t ^ e ' am Plitude is 
wavelength (increasing the freguencv^ is ?L,° d ®<; reas ing the 
spacing. By keeping the wave • to . ?; educe the roughness 

the same as the baseline SINE 1 arnnm-^ 1 ” SINE _ 3 condition 
increase the stress V am P 1 :Ltu de, the effect is to 

radius of curvature Fo? sin? 1 ?" 3t peak due to the smaller 
amplitude over a constat S gaome ^y. the increase in 

concentration at the wave peak uiina 1 ?^ 338 ? 8 the stress 

the wave peak as a measur^?**- U ng the radius of curvature at 

expected l ha t Sl/ E 3 geom?t?y has'he^a^^ 011 ' ^ is 
concentration and SINE _1 has tSe lowest! S 

3,2 Mod el Boundary Condi tinnc 

As mentioned, axisymmetry was assumed. A general schematic 
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base material, the bond coat^nd th^* 1 * B ? cause the superalloy 
different CTE values both raHi a i th ^ Cer - raiC top coat have 
contraction occur with heatin^ 1 ^ 3 ™* a ? lal expansion and 
of the model shown in Figure 3 2”? Tbe bottom surface 

to move radially. The top lurfaci tn axially and allowed 

nodal constraints so thahif Urface ln Figure 3 . 2.1 is assigned 
However, the nSdfl coS?ra^t ba^n^ ^ radia1 ^ and axially, 
across the three different materials^ allowed axial movement 
surface regains planar as th3t th * t0p 

the entire body 1 for°each of the^odel’ 2 '^ "J® . imposed uniformly on 

profile closely folllvr t hft ?n • =", this stud F- This 

lows that in (DeMasi 89 ) and (Hillery88) . 

3,3 Stead y State Creeg Model 

used. A The^basic reuLonshL" a nlh? " in NIKE2 ? « d * was 
by equation (l) : ^ this creep model is summarized 


where 


creep rate 


= A 


' Effective) 




A is the creep coefficient, and 
B is the power law creep exponent. 


eg. (i) 


has been implementJd d intrthrNIKE2D S C oL tem r ratUre ‘ This model 
more detail in Krieg77. KE2D code and is discussed in 

to a more complex phenomenii^^ A ? d f reep model presented in Eq. (l) 
Ashby (Frost 82 ) for power law^rein 1110 ?^ • p ^ oposed by Frost and 
°* 5 • T meiting), the creep coefficient A i? of Th^formf 8 (ab ° Ve 


where D, 


A a (D v *G*b) / (R-T) 


if bbe bulk or lattice diffusion coefficient 
ls the shear modulus -.4. *• , ricient . 


eg. (2) 


Since 


G i8 th 7 .r lattice diffusion coe; 
k t shear modulus of the material 

R is th» ma ? nitude of the Burger's vector 

? Js rni “!? lv ? rsal gas constant, and ' 
T is the absolute temperature. 


D v = 


Vexp[-Q v /( R . T) ] 


which is directly Jelaterto^he^cti^tion 0 ^ energy for diffusion, 

me activation energy for creep. 

Freed, et al. <Freed9 2) determined that a phenomenological 
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agreement with experimentalist a °f or Sh ° Wn in Eq * ( 3 ) 9 ave good 
salt. Here, omental data for copper and a LiF-22%Ca 2 F 


e creep rate ~ C • 0 • sinh n (cr/cr b ) 


eq. (3) 


where c is the creep coefficient, 

n b ,'i S .!; he stress at power law breakdown 

the power law creep exponent (B in Eg.(l)), and 

ex P[-Q c /(R*T) ] for T t < T < T 

r - ^melting 

exp[-Q c /(R. Tt) . (ln(Tt/T)+1)] for o < T < T 

and 


9 = 


T t = 0.5 


■^melting 


^CsCoChe^CrmCl Eq” e a) law p“f?° Un e S f treSS ^ Eq 'H) 

decrease asCemLr!^ ^ 

temperature, T t . For^eraturJ^ 3 ^ below the transition 
meaning that the creep coefficient ^ boveT t. 9 is constant, 
insensitive to temperaturef * A " Eq " (1) bec °mes relativel) 

sensitivityCf tSe Sn' V? a ”«=dre of the strain rate 
indicate low rate s“si£vkv Cd ^ica! values for B 
low rate sensitivity at low t 4 mn^ f ce m ? st materials exhibit 
low temperature values of B heT*' U is ex P a cted that 

experimental data for sltaS .S larqe ' For exa "Ple. 

T t have B values of 25 to 50 U *t remoerC at tem P erat ures below 
creep is active, the B values are CnCCC reS where P°" er la " 
depending on the active deformationCechanism" range 3 to 6 ' 

of computer Calculations ^nd modelCmplJiC 6 ? • are cons iderations 
trivial considerations. For example p }j m fj; tatlo n- These are not 
material is 2.0e-6/s, any A aSd SvSi',^ bb ® real creep rate of a 
seem to be satisfactory property se?!? that satlsf y Eq. (l) may 
contains some candidate oai?s ^ t ^t° ns ' Table 3 *3.1 
show the possible large variation in^.m V * 1U ? S ' and these pairs 
creep coefficient A and the creep exnnno^ 1 ^ 31 values for the 
curves were used to determine <?oL ? ^ B * Stress relaxation 

over a range of temperature^ fo? Ni ?^p S6 ^ ive A and B value ® 
material; the data are repo?tfd i^ r ; 6 ! A1 "°* 3%Y bond coa t 

Clearly, the creep coefficient A , 3,3 ‘ 2 ‘ (Brindley92) 

temperature and the creep exponent B at room 

temperature is raised, A increases toCaluCC? SSTie-iJ. 
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Candidate Values of 
to Produce 


Table 3 . 3 . 1 . 


Creep Coefficient 
a Creep Rate of 


and Creep Exponent 
2 • Oe- 6 /s 


Effective Str ess. MPa a 

— B 


100 

100 

100 

300 

300 

300 


1. Oe-99 
1.0e-50 
1 . 0 e -10 
1. Oe-99 
1.0e-50 
1 . 0 e -10 


46.65 

22.15 

2.15 

37.67 

17.88 

1.74 


- Table 3.3.2.* 

reep Properties for Ni-i 6 Cr- 6 Al-o. 3 Y 


Temperature , °c 

^2 

500 

700 (a < 900 MPa) 
700 (a > 900 MPa) 
800 (a < 90 MPa) 

800 (a > 90 MPa) 

900 (a < 60 MPa) 

900 (a > 60 MPa) 

1000 (a > io MPa) 


A ) 

-349 

-595 

-55.7 

-23.7 

-24.7 

-19.0 

-21.4 

-15.5 

-14.0 


* derived 


from curves reported in 


Brindley 92 . 


B 

48 

83 

7.4 

2.5 

3.6 
2.3 

3.7 
2.1 
2.3 


correspondingly, B decreases to values of 2 to 3 . 
3,4 Materia l Property 


yttrirstabU^d'zfrc^L"^ 1 * 1 Z * 1 

employed are listed in Table ! 4 . 1 . %Y2 ° 


in this study was 
The properties 


The bond coat properties i • 4 . , . 

to properties S for 3 ^ 
effects of a slightly The cases examined t 
higher A value, and different 
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M . . , Table 3.4.1. 

Material Property Data for Ceramic Material in Models 


Temperature iqqc 
P oisson's ratio 0.15 


E, MPa 
G, MPa 
K, MPa 
CTE, /°C 
A 
B 

c, J/kg*°C 
k, W/m*K 


48000 

20870 

22855 

0.76E-5 

1.0e-40 

16.0 

580 

0.635 


500°C 
0.3 
32000 
11830 
27195 
0.98E-5 
1. Oe-37 
15.5 


600°C 

0.31 

29500 

10605 

25928 

1.02E-5 

1.0e-34 

15.0 


760°C 

0.32 

26000 

9775 

25490 

1.09E-5 

1.0e-28 

10.0 


1150°C 
0.3 
20000 
7650 
16700 
1.23E-5 
1. 0e-13 
2.0 


1250°C 
0.3 
17000 
6500 
13500 
1 . 27e-5 
1.0e-12 
1.5 
603 
0.665 


„ . . Table 3.4.2. 

Material Property Data for Bond Coat 


Baselin e Material Data 


Temperature 
G, MPa 
K, MPa 
CTE, /°c 
A 
B 

c, J/kg-°C 
k, W/m*K 


10°C 500°C 


80500 
149000 
1.20E-5 
4 . 85e-36 
16.0 
628.0 
17.40 


600°C 

71000 

130000 

1.48E-5 


73000 
135000 
1.44E-5 
1.0e-34 1.06e-31 3.65e-23 
15.5 15.0 10.0 


^l ightly Higher C reep Coefficient a 


Temperature 
G, MPa 
K, MPa 
CTE, /°c 
A 
B 

c, J/kg-°C 
k, W/m-K 


10°C 
80500 
149000 
1.20E-5 
4 . 85e-3 6 

16.0 

628.0 
17.40 


500°C 
73000 
135000 
1.44E-5 


600°C 
71000 
130000 
1.48E-5 


760°C 
67200 
124000 
1.55E-5 


1.0e-34 1 . 06e-3 1 3 . 65e-22 


15.5 


15.0 


10.0 


Higher C TE in Rond Coat 


Temperature 
G, MPa 
K, MPa 
CTE, /°C 
A 
B 

c,J/kg-°c 
k, W/m*K 


10°C 
80500 
149000 
1. 15E-5 
4 . 85e-3 6 

16.0 

628.0 
17.40 


500°C 


600°C 

71000 

130000 

1.31E-5 


73000 
135000 
1.26E-5 
1.0e-34 1.06e-31 3 . 65e-23 
• 5 15.0 10 . 0 


760°C 

67200 

124000 

1.40E-5 


Materials 


760°C 
67200 
124000 
1.55E-5 


1150°C 
50000 
100000 
1 . 83e-5 
1 . Oe-9 

3.0 


1150°C 
50000 
100000 
1.83e-5 
1 . Oe-8 

3.0 


1150°C 
50000 
100000 
2 . 00e-5 
1. Oe-9 

3.0 


1250°C 

46700 

90600 

1.93E-5 

1.0e-12 

6.0 

712.0 

34.50 


1250°C 
46700 
90600 
1.93E-5 
1. 0e-10 
6.0 

712.0 

34.50 


1250°C 
46700 
90600 
l . 15E-5 
I . Oe-12 
6.0 

712.0 

34.50 
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Maf . . „ Table 3.4.3. 

Material Property Data for Superalloy Material 


in Models 


Temperature 10°C 
Poisson's ratio 0.3 
E, MPa 208000 

G, MPa 80500 

K, MPa 149000 

CTE, /°C 1.20E-5 

A 4 . 85e-36 
B 16.0 

c,J/kg-°C 628.0 
k, W/m*K 17.40 


500°C 

600°C 

760°C 

1150°C 

1250°C 

0 . 3 
183000 

0.3 

178500 

0.3 

106000 

0.3 

110000 

0.3 

85000 

73000 

71000 

67200 

50000 

46700 

135000 

130000 

124000 

100000 

90600 

1 . 44E-5 

1.48E-5 

1.55E-5 

1.83e-5 

1 . 93E-5 

1 . Oe-34 

1 . 06e-3 1 

3 . 65e-24 

5 . Oe-9 

5 . Oe-12 

15 • 5 

15.0 

10.0 

3.0 

6.0 


712.0 

34.50 


"higher CTE" reflects the differ identified as "baseline" and 
0.3? and Hi-3 5Cr-6Al-0^9v bonl ^ Ni-l6Cr-6Al- 

higher ^ 


A superalloy base 
using typical Ni-based 
Table 3.4.3. 


material was modeled in all the 
superalloy properties listed in 


cases, 


interpolatLn^o^^cSlatrAron® pr ° gram Performs a linear 
those defined in the data tabl**^ ^ em P eratures between 

significance of 760°C as%hf ™* ? he data reflect the 
above which rate dependency is P So?^ imate transition temperature 
expected to be more^ctive^ pronounced and creep is 

and (DeMasi89) W and ?ef lect^odif” 1 ^^ 0 ” 1 references (HillerySS) 
A.D. Freed and w j BrindLv *} : Ration after discussions with 
Additional modification of LeWls Rese ? r ? h Center. 

exponent values proved to b^necessar^i^iinh? 1 ' Cre * P 
considerations for the actual c™^? 
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4.0 FEA RESULTS 

this section Ult As°^iS e a ^v nite , el - ,nent " ,odels are Presented in 
data generated is oie£wheL^ alYS1S ° f this type ' the amount of 
To minimize the lenqthofth^sart" ” hen P resented graphically, 
possible stress and^Le- sectlon ' ° nl y « few of the many 

contains other graphical model^suS Preview. Appendix c 

history ^plots ! 1 ?Hese oo^onff "° da i locations “^d in the 
(elements nn x. positions are referred to as "peak" 

^29 anfnodf 13, JocaWons ar 1 ^ 1 and " valle y" (elements 12 * 

e ±J) locations at the bond coat - ceramic interface. 

4,1 Sine l Interface Geomsti-y 

the mSeriS“SS;rti2*^e i 2hfi S "? del was SINE ~ 1 type, and 
uniform heating anfclolino w« »= aSel a ne ValUes in Table 3.4.1. 
were present. ^ assumed, so no thermal gradients 


4.1.1 Bond coat creep. Elastic TBC and Core 

elastIc e fSf?Se a ceSrand%nS Pli ?? td this " odel »«« thermo- 
creep data for the boild c£at Y substrate and the baseline 

end of ^ttHMi igh * temperature°ho?d r MP ° f , axLal stress near the 
contour lines? itifcle^ tS o£! rl0d 050 sec > • From the 
interface area. The very tiD of th.^K S e n sb ress occur around the 
ceramic is the point of the , bond c °at peak in the 

value of 384 MPa The axial stress, with a tensile 

compression? ^ 60 MPa Tba moSera^f 

shown in Figure^?* 1 ? 1 S The S hiaheef end • ? f the therm al cycle are 
MPa is in the ce^ic ‘ at^he St ” SS ° f about 94 

lust opposite this location i c in aCS peal 5* The bond coat 
ceramic, the stress is stronniv " compression (-37 MPa). in the 
level of -169 MPa Awav from +- co ®Pf‘ essive in the valley, at a 
generally in zero'to very sligh^tiSio^' ^ oeramic is 

Axial strain contours corresponding to the previous figure 
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indicate maximum positive strain in w , 
interface peak, Figure I iT Jhf ^ bo r d coat . at the 
slight positive strain whirhr-a ad ^ a cent ceramic shows a 
negative as the distance from decreases a nd becomes 

ceramic in the vaUey hL the ^ peak increasa *- 

value of -0.004 ° St ne 9 at ive axial strain, at 


The 

a 


coat elenent a i2 S in e the h interface°ran i9Ulre 4 ' 1-5 ' shous that bond 
compressive state tSougSou? ?eat-uo S sli 9 ht ly 

the bond coat material becomes stre?cJ! d • h °i d ‘ . Durin 9 cool down, 
then relaxes to a final levS? o?^k J d ,iV ension (10 ° MPa ) a ”d 
coat element 120, after an jnii-iai £ Ut 2 ? MPa * The peak bond 
settles into a near zero axial stre ? s fluctuation, 

at which time it is driven into n nm« S st ? te untxl the cool down, 
out near -10 MPa at cycle e^S ^“P^ssion and finally levels 
element 229 initiaiur # ceramic near the vallev 

then seems to siab?uL a?o“I i«? «M 

the hold. Cool down forces element 229 Sto stea!ri dU ” tion of 
compression, leveling off at -las mo. ® lnt o steadily increasing 

near the bond coat peak element a^s end - The ceramic 

£X£ 348 ^i„— 

even more rapidly to a final tensUe steesf^r^ to^o^ 1 " 9 

elementfon either*!^ *\K i ?V t ? ,ln hlstor y P^t. The 

compressive axial strain state whii^fh Va ^ ley end U P in a 
interface peak are axialiv -a.-' • wh ^lf ttle elements around the 
has occurred, the^resence gained in tension. Because creep 

does not necessarily indicate theorem.* ° 0n J r ® ssive final strain 
compressive stress p onmar i ne presence of final tensile or 

illustrate thL point ° f ? lgures 4 - 1 ’ 5 a «d 4.1.6 

stress directions and 'yet both hav^f iiai a ” d 229 have °PP° si te 
It maybe more helpful to think of *? al . co ®P ressiv e strains, 
from original location as oDDosed i- n 3 n J?™ 8 of difference 
strain with local stress. PP ed to associating total local 

4.1.7 E and a i.l!|* S respec?^e^ P lo t» . appear in Figures 

spike and recovery, element 120 ir^th. 3 !! 1 5 ltlal compressive 
peak assumes a compressive radial bond coat at the interface 
level decreases sugSJy lurlna ° f -" 2 ° MPa ‘ This 

down, this element is driven into^ad?^ peri ? d ‘ During cool 
value of 96 MPa, and relaxing 2i? i tension / peaking at a 

strain plot shows that element l20 h eirt« t ?h ab ° Ut i 93 ” Pa * The 
compressive strain of -0.002 The ad?I th J cycle . with a moderate 
element 445, generally assume a he ad:,acent ceramic material, 
heat-up and hold, and^he strlsJ te usile stress during 

during hold. During otll . to ^iso somewhat 

y ooi aown, element 445 is rapidly stressed 
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about 7 9 ^MPaf 6 f ° r 6 relaxing t0 the 
4.1.2 High CTE in Bond Coat, Elastic TBC and Core 

elastic for^the^B^an^superallo^substrate and^h^h* * hermo ~ 
creep ^odei for the bond cLt fouL in S^s 3 4 “? 


axial stress state^n valley y element n i2 1 of r th 4 'h' 9 ri ShOWS that the 
changes from initial tension . ement 12 ? f the bond coat 
gradually becomes sliqhtli ten^? 0 ^^! 1011 durin< ? heat-up, and 
down drives e!emen? 12 Into av?^ Y the ?" d ° f the hold * Co °l 

near^the ^valley I ^ ' 

steady^tensile^stre^s^o ? 3 ^^bbs^theMaond^coat to 0 ^ 400 

the bond coat peak IleLnt^a? 1 "^^-^ MPa - The ceramic near 

in axial stresl stite as in ?h»' lbltS the most dramatic swing 

near 360 MPa in tension during hStXS^hoiH? 1, J 1 ® 1 ? 9 rapidl y to 
during the soak and ^ ng seating, holding fairly steady 

down to a final 'tensile stresf^eL^rMPa!® rapidly durin 9 c ° o1 

CTE caL?°^r^Lr^ s ^J- 9 «^ Figure f 1 ' 5 tor tha baseline 
similar in behavior, but the axial sfrJ 1C f le jents 229 and 445 is 
different. The thermal ~ lal ® trass ln the bond coat is far 

valley bond coat element L^eing i^mi ^ e i ine . CTE ended with the 
MPa and the peak beino i™ ™ g ? lld tensi °n of about 22 

compression^of » “ 

SfS-’SSw" 1 ' 

amount e of°stretching If ^ ^ ^ £ 

s^ains Se ii n JlS^ S lJo F bI?^ *J’Vl “^h°the h ie S sSct?;rax?a? 

^ar h °id -ss.^'-saTss.s-s’o^s-s 1 


the preceding • £“ axial strass and strain in 

coat was higher in P thiI case' ^ hat Creep of the bond 
y rnis case than m the baseline CTE case. 

4 . 1 . ifandVui"? respectively ! St During°hea t-up^and^ho Id ^the 62 
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and 229, follow simila^stress^t ^ 311 ' 1 "? lley ' foments 445 
the 10-18 MPa range durina the hn?^ p 2 ths ' exhibiting tension in 
at the valley in the ceramic Ta al H ? wever : the radial stress 
the peak locitiSn il ?isina during ^ aS ;"? J While the stress at 
these locations are stressed oppSli“!v if ih fhf" cool . down ' 

compression . ^On^the £* in ' 3 " 10 “ the 

relaxes during thi SIlS ff ab^t Sp a ° f ?f° Ut “ 35 , MPa th « 
radial stress pattern after cool aom if'sif the f . nal 
case, with the peak beina in raHi»i ? ls . similar to the previous 

being in radial compression in th^ ?t° n and the valle y 
stress in both the bond coat anS ™ valley, the compressive 
decreasing rate rather than nd .^® ram;LC appears to decay at a 
holding steady is in Fig^f 4 f P f 3 Y aaaUmin ? some lev el and 
interface peak, elements i?n ^he material near the 

rapid rise in tensile st™= and . 445 , both are subjected to a 
general lessening of tension as^th* the ?°°1 down, followed by a 
this model, the differing fn hJfS C °? llng rate decreases, in 
a wider difference if ffSf, t”,,? 0nd C ° at CTE has resulted in 
ceramic than in the previous mfdfl* between the bond coat and 

Figure 4 . if 12 f S and°the a previous a modf bet V een this model, 
4.1.8, shows that the rfdifl ffrfff 3 with baseline CTE, Figure 
120 covers a greater ranae in +-h • ln ^ ^ ond coat elements 12 and 
end of the holf fifLI ?fe faffff •’ ?° r exa "P le - at the 

model and the previous 'model arf o ® lement 12 f °r this 

The strain at the end of the 4 -h *^375 and 0.0244, respectively. 

both models, 0.002 The strJJT 31 c Y cle is about the same in 

more than 0.'oi3 greater t han Se balli • ° thiS Case is before 

y eater tnan the baseline case for this element. 

corresponding ‘plot of effective st?ain f it* f w Ctiv ? st ^ess, and the 
The bond coat elements 12 and lan^oth k’S" in Fl 9 ure 4 . 1 . 14 . 
rise in stress, a sudden d?oo h ” exhlblt an initial sharp 
during the heating period of P i'?n ? a ®° re gradual gain 

period, 120 second to 360 seconds * i DUring the hold 

effective stress. The effect ivo 4+- here . ls a gradual decrease in 
in the peak element 445 which haa f S f S ln ceramic is highest 
stress levels reported aboSe Shf ^ 1U ? S fi milar to the axial 
bond coat peak element 120 of effectiv e strain in the 

stress in the neiSSbo^^ ^° Ut °* 003 Elects the high 

the bond coat has^een highest^t Xt . a PP ears cr eep in 

bond coat creep, the final str-^cc th ^ p f ak ! and as a result of 
as an all elastic cfs^Si fff n f train statas ar ® not zero, 
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4.1.3 


Baseline Creep 


STNF ltS presented in this section are based on the 

geometry and the baseline creep properties 

hlllnts arfdZJ;-; 1 ; Hist ° ry plots for the P«* and valley 
J described. Appendix C contains selected contour 

maps of stress and strain at the end of the soak Deriod nsn 

seconds) and at the end of the thermal cyc!e (So^eJonds? 

i-he 4 : 1,15 shows the axial stress history. Initiallv 

SZFk IF™ “fufons 

smzsfjr sr- 

sihcsss- 

stress ^ b ? nd COat peak el ement 120 experience 

va°;Lre^nt re ?rifia"T 3 ?L thS 

s 9 

in 445 of th . 50 MPa . dunngthe high temperature hold. The stress 
■ °i * 5 ? ceramlc continues to increase throughout the 
portion of the thermal cycle, reaching a peak value of 

rSn^r;Fk’^ 

of nearly 40 MPa. ement 120 is in axial compression 


iiiSS.'S: £S,m, 

pSSiSI.^SU end “^nrSTi* 1 ” ^ing°Se t holl Xially 
s^irSia?;. While the Peak e l^nts Y eid'in h an V a^:i UnTlT “* 

elements*are S given "inTilttl l°l f ? Ur pe f k — valley 

s“r” 

a u s& n ?e?: is siss e r n Si l2and Sirs ^e 

12 drops from low radial t^Lt^ • ? r f laxin 9* In fact, element 
229 stays in radial tension tt int ° com P re ssion; element 
are stressed radiant Up °? coolin 9' th ese two elements 

the neat of +-h« ln compression. Elements 120 and 445 at 

th*a Lt-° f t l? e lnterface behave somewhat differently Durina 
the heating stage, they immediately go into raSSSS comprSSSiSS. 
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bLoL'nea^y's^resfLee^^iih" f” SS s ^ e °? curs ' and they 
element 120 is subjected to low radial”? 6 ** ^ eatlng ' the bond coat 

M ^ r=2 -" 5 ^ 

element?^? il . sh J ws radial strain history. Looking at 
445 in^the^ceramic^onp** 6 P ® ak ' numbers 120 in the bond^oat and 

strained intension SS.’SLStlR*^ f ffeot ' .»— * 120 is 
Notice that over the hiah temnei-afi ls a tra lned in compression. 
360 seconds, the level o? «dia? 2^ S °d k P eriod . .roughly 120 to 
Correspondingly the level of J decreases in element 120. 

decreases? Zl COmp f esslve strain in element 445 

compressivelv. e The°tensile^strai dements are both strained 
continually during the hi>?< ^ element 12 increases 

cooling. Element 12 is still^in^ 10 ^ • then decreases during 
after cooling The ten^f^ ^ - f a <*ially elongated condition 

much lower ?Ite f , tfain in 229 leases, but at a 

lower rate. After cooling, 229 is under compressive strain. 

and vailey r elSmen?s°L2 f fhoin Ve S ^ 6SS and Strain for the p e a * 
While, the shaSe of tht V" Fl ? ures 4.1.19 and 4.1.20. 
indicate the presence of creen 1V ?t S ^ eSS 4 . a ? strain histories 
figures exactly what is creeoino t i** n ° t ^ rectl y clear from the 
values provides some insiahf P 1* Examination of the numerical 
about 10 seconds ^s^ver 1 1 5 o * MPa °Tn ex ® mple ' the stress peak at 
Using the steadv 1JTL 150 MPa ln ? leme nt 445 of the ceramic. 

is estimated to be 9 . 0e-4/s P for°the t cIr ' ^ effective cree P rate 
the effective stress at thf 7 °L * ce ramic. For the bond coat, 

sSlss S leveis a plrt!nen? ^^^ 0 ^ 00 ^.”^ efftctlt? 

th?l°?;: p b! L Y f^Sn?Sl?^ is 

3.4.1 are not mw? f2r^2.^?." e * P ext> ? nent B at 1°°C in Table 

during heating? ?his stress is pS?el^dSe e 2o e cTE n diffe? era ” iC 
the stress concentrating effect It the ?n?e£?aS geom^ 11 ^ " 

4.1.4 


Baseline Creep , High CTE in Bond Coat 


4.1.2r e sSows°tL? 1 :u°of a Se 1 ) S ,:e ; S f ° r , this model : Figure 

experience axial fancin ^ ^ n ^ er ^ ace dements begin to 
xperrence axial tension and then a sharp stress reduction. 
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During the heating cycle until cool down begins, element 445 in 
^ et ^ ns to a hi 9 h tensile stress and holds while 
120 in the bond coat becomes compressively stressed and 
is tP^In« eS ® ome y hat - Element 12 stays around 0 and element 229 
and . r f laxes slightly. During rapid cooling all the 
f rop 11 ? to axial compression and element 12 returns to 

120 i?co S =h ma 9 n i^ de °i co ®P ress ive stress of -38 MPa. Element 
° a ^ S ° show ? this reduction in compressive stress magnitude 
The stresses in elements 229 and 445 in the ceramic meanwhile 
increase compressively until the end of the cooling cycle. 

pIp^J^o axial strain plot, Figure 4.1.22, shows that all of the 
dor nt ^ nCre ? S V n length axially, and then reduce during cool 
strain ®l emen ts experience about twice the amount of 

twice the amonn? el ?; en ^ s * Tbe P ea ^ elements retain about 
creep. th amount of res idual strain as the valley elements due to 

Figure 4.1.23, the radial stress plot, shows that the neak 
duHnf^hfh compressed radially upon heating, then stress ?elax 
th ® ? old Period, and are then stressed in tension durinq 

of J?® b °!? d K° at material exhibits a higher magnitude 9 

f stress through the cycle than the ceramic. The valley 

re lax°dur i no JElTS in tension upon heating, stress 

dui?L d ^i? g a th h °i? period ' and suffer radial compression 
SEES* 0001 d f Wn ; E1< r ffient 120 in the bond coat retains the 

g hest amount of radial compression (about 29 MPa) , but this is 
much less than the axial compression reported above! 

elempnfc ?i 0 t o?£ rad ial strain, Figure 4.1.24, shows that 

fh! 1 l' 2 ??' and 120 are stretched radially, with 12 havinq 

comnrpcQ 6 ^ st ram, followed by 120. Element 445 is 

eleSpnfp ?o rad i a ]‘i Y UP ° n heat Up * 0n coolin g, the bond coat 
elements 12 and 120 contract back to nearly 0 strain while the 

ceramic elements 229 and 445 show a radial shrink? 

lar _.? e !J eCti r stress ' Figure 4.1.25 shows that the 

larger stresses throughout the cycle are experienced in the 

strSs C a? a £he ^ ce -» lc also retains^uch »ore res^ual 

dS pIpw! e ? d of u the thermal cycle than the bond coat. The 
p ak eleme J} ts also show a larger stress than their valley 
counterparts of the same material. Y 

p1pwp^ P J^ ° f ®£ fec tive strain. Figure 4.1.26, shows that peak 

heatina Joi h * S the highest amount of strain upon 

the^Siml ii J d bY b ° n ? C ° at element 12 which has about half 

4 decreases . ia Cresting that element 

decreases in effective strain slightly during the hold 

p J*L lod ' whl f e the other elements continue to increase in 

effective strain, albeit at a low rate. Elements 229 and 120 
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experience the lowest amount of strain during heating. Upon 
cooling, the ceramic elements show a higher residual strain than 
the bond coat elements which return nearly to zero. 


4.1.5 Higher Creep Coefficient in Bond Coat 

In this model, the bond coat material has a higher creep 
coefficient at temperatures above 760°C than the baseline 
creep case. Again, the higher creep coefficient listed in Table 
3.4.2 indicates lower creep strength. 

Figure 4.1.27 shows axial stress as a function of time. 
Element 12 in the bond coat is held in axial compression 
“ rou 9hout heat-up and hold, and then in tension during cool 
down. Element 229 in the ceramic, complimentary to 12, is 
tensile during heat-up and hold; it relaxes noticeably during the 
hold, and then is stressed sharply into compression during cool 
down. Element 120 is stressed in low tension during the initial 
heat-up, goes to zero during the hold, and then becomes 
moderately compressive during cool down. Element 445 is stressed 
strongly in tension to a level of 160 MPa upon initial heating 
and soaking, and then is compressively stressed to nearly 
-125 MPa during cool down. 

Figure 4.1.28 shows axial strain as a function of time. The 
pair of peak elements, 120 and 445, are elongated during heating 
and contract during cooling; the final strain state for these 
elements is a slight positive extension. The pair of elements at 
the valley are also elongated axially during heating, as 
expected. However, upon cooling, these elements return to an 
axially compressed state. 

Figure 4.1.29 shows the radial stress in selected elements 
as a function of time. The valley elements 12 and 229, after 
being initially stressed in radial tension, are in states of low 
radial compression at the end of the high temperature hold. Cool 
own drives both elements sharply into deeper compression, which 
r wT" aX f S aS tlle cooling rate decreases. Element 229 is apparently 
able to reduce its tensile state during heat-up and hold due to 
bond coat creep at element 12. During heat-up and hold, element 
120 in the bond coat follows a path similar to that of 229 in the 
ceramic, but is noticeably more compressive . During cool down 
however, element 120 goes sharply tensile. Element 445 in the ’ 
ceramic undergoes a sharp compressive spike and then is stressed 
in tension and remains so for the duration of the cycle, 
exhibiting a more tensile jump during cool down. 

Figure 4.1.30 shows the radial strain history for these same 
four elements. Element 12 is radially strained in tension and 
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and a i 20 a^e^trained in^ensio^d a f ter . coo f down - Elements 229 
transition to comores^v! of " durin ^ heatin 9' and they . 
the peak in the ceramic is ,, rain U P°^ co °l down. Element 445 at 
compressive strain state afte? P £ff Howm^ 11 * remains in a 


4 . 1.6 Lower b in the Ceramic 

ceramic P ilL^t?! p SJ 1 hLtiSS S qo 1 * into^® 4 . 1.31 shows that the 
being about four times hiah^f fv, lnto axial tension with 445 
120 stays nearly o in axill Y all ® y element 229 . Element 

12 goes into a small axial^n™ durin 9 heating while element 
in the bond coat is subiected to ff 10 - * ° n coolin ^ element 12 
element 120 is stressed 3 t ® nsion of about 50 MPa while 

ceramic, elements 229 and 445 swina tlTf con, P r< r ssion - In the 
of about -185 and -130 MPa? respectively. 96 9X131 com P ress i°n 

elements^experience^a^arae ff«Jf 9Ure f' 1 ! 32 shows that the peak 

the valley llJSSl ex^erf^e about heatin * a " d 

On cooling the neak piL on f about half of that strain value. 

axial strain while the va 1 if y Element s m0de f at % am ° Unt ° f P osit ive 
negative strain. y eleme nts contract to a small 


elements experience a mSch larger^tress thfn thf th ® P ® ak 

during heat up. Upon cool down than ^ he valle y elements 

in both the ceramic and ?he S 8tres “« ln the peak elements 
tension and the vallev eleLnS COat * e stressed radially in 
values are nearly balanced. ^ stressed ln compression; the 

heating P element t i2 i^thf bind™ Figur ? 4 -1.34 shows that on 

radial strain of o 0239 ^ JS ** e *P erienc ®s a large positive 
final strain o? 0 . 0 S 27 ' litJS?* dUring c °°ling to a 

positive radial strain duJJST? V 120 and 229 ex P®rience a small 
negative strains of - 0.0023 Ld^o oo^ 9 ^ then .^ contract to final 
445 fluctuates at the beg inniff Zj’JJ 41 ' ras P e ctively . Element 
contracting radially 9 ° f the c y cle ' and after 

the end of 9 the theraal *1^* ! at the end of the hold - At 

strained to - 0 . 0054 . ^ ' element 445 has been radially 


4 ' 2 2 Interface Ge ometr y; i.sx Amp litude 

4.2.1 Baseline Creep 


The interface geometry in this mo 

geometry has the same period as SINE 1 


was SINE_2 type; this 
1.5 times the 
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vlluiTtn TaSl rrfaid P rrr ie L aP ^ lied Were the baselina 

coding was ass Um e^ “ d 

near thl U end 4 if 'thf'hdd^The 1 ? 1 st J; ess . cont °ur at 350 seconds, 
presence ' of "this * bba bSndSSlSf vJney^nf 6 

5TS J h ^ d aSSHEi ra ? !S 

Si i? 

a xial tension of over 100 MPa due to the higher CTE of^thi"^ 1 ? 1 

suri. 

valley ^elements ! 3 iSsSSSnl^" bisb °^ ?° r the peak — 
temperature hold nerlSd ^ f?Si ? evident during the high 

and in element 229 £f thi ™ 1?ntS and 120 of the bond coat, 

»^-3S3w3*2i- 

the peak elesenj ha“nS a Sst“?~ed 6d aXially ' WhUe 

heating^egins^valley^lements^f^and ^„ Figure /' 2 • 5 • As 

----"settled 

c^r^isisii^nir^e^t^T”^^ ‘-‘"Sr 

ass£^° a M'H pe F a= "^ 
^SJatrsar.ijr-'' 

SStSSsssuw 
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re?lects W thB e rt ?ff" ent 445 is strained « compression. This 
thrt ln CTE between the two materials. Notice 

, igh temperature soak period, roughly 120 to 360 

•2 

region during' cooU^g *%*** 

valllJ t Ii 2 m|nts t 12 S and 1 229 °° npressivel l'- The behavio?'o£ the 
r ( cements 12 ana 229 also suggest creen f on cii« 

cooling, element 229 is under compressive Sui^Siint**" 

geometry mmSi t !n P imrt^ d 4 T 3 Sim T^ r ef?ert G o ? INE - 1 lnPerface 
amplitude is to increase 

4.3 


SI NE 3 Interface Geometry; Twice Frequency 


desigiimief^I^'g^e^n^^rj?!: ^ is 

4 , 3.1 Baseline Creep 

Baseline creep properties listed in Tables 341 3 4 o 

3 . 4.3 were applied in this model. As Figure 4 3 1 shows d 

£d¥^^^ due 

I 

CSS * 

^r dl ^ s e tini 

the small radtns ^ 5 greater stress concentration due~to 

at^rLIISI!lSi%S 

tensile in the bond coat. lly com P ressive ln the ceramic and 

bond^oat 

p, now associated with low temperature behavior of the 
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anSthe ' aSalSSlss^SSSeSf Sm%h i** as v soak time starts, 
this means that axial comnrpeein ? t ^ ls P ea ^* For element 12, 
the bond coat follows similar lnc ^easing. Element 120 in 

reached and then the level of * n that a peak stress is 

Element 445, the peak elpmonf - X 1 f^ tension falls during soak, 
subjected to increaXna tJ ? e ceramic ' however, is 
reaching a maximum value of 14 0 ^°" uZ " 9 S ° ak period ' 
is subjected to axial compression of 175 MP*° 0 l i? 9 ' thls elen,ent 
ceramic is also placed under axial ** Elem ? nt 229 in the 

of the bond coat. Element 12 in rh C °h Pr ^ SSlon ' as 13 eleraen t 120 
tension. The decrease ?n stress dSinSh^S is in axial 

trc^p ?^^ 3 are U indicative t of^ > relaxation a due^ , 

Figure 4.3.4 are^” 9 features of the radial stress histories in 

period^ ^ radial tension in element 445 during the soak 

and 445 of C about S -i5 e MPaf lal Stress states of elements 12 

ceramic a and a radial°tenIioi 0 of°75"MPa M ^ a eleinent 229 of the 
bond coat; and n of 75 MPa m element 120 of the 

the decrease m radial stress during soaking and cooling. 


These features indicate creep at work. 


4.3.2 


Baseline Creep, High CTE in Bond Coat 


for the 9 model * with^if f erent 3 CTE 1 behav^ S ** a .J unction of time 
First, all of the CTE behavior in the bond coat. 

during heating and the low^ 6 stre ® sed in tension initially 

ceramic behaSiir £ So™ SeSSS”. 10 ^ dr ° P due to «>e 

445 of the ceramic is stressed in tSf”? “ the peak element 
period, and finishes the* w-.-ij ension during the heating 

This element experiences a rLSj^S^f ° f nearl >' 160 »Pa? 

the cool down in axia? ^ 1 ° f stress state to finish 

in this figure show stres«? P ^hJ S1 ° n ^ ? he other elements plotted 
the valley element in fho k ^ nge durin 9 the hold period, with 
to low tension. Interestingly ^li ^ a £^ ing fro ® l° w compression 
thermal cycle in axial compression elements finish the 

elementlSs a luncSoSof SimS ^^ 3 ^ 33 ln the 3 ®l®=ted 
valley, eleinent 120 CTO pc t * onc * ro^terial near the 

temperature hold, aAd^fte^ final^oo? 3 ^ 6 S ^ ate duri ng the high 

, ana arcer final cool down in under radial 
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Seating SSd'loaMng, IlSp^^f^he^es^iSg thl 1 " 9 

soak period indicating the presence nf rr.L T.; ^ the 

s:bv : “ 

locations. 1 tenslon at b °th peak and valiey 

4 * 4 Smooth Interface Model 

contrast Xll ToLT 3 

4.4.1 Baseline Creep 

interface r n^v^*ih Sh ° WS a histor y Pl°t of radial stress at the 
in t£e cera^X' nf S - "J elements 120 in the bond coat arid 445 
compression o^'abou? 1 -! "fc these n dements are in low radial 
imposed , bSt fgaln St l 7o»\eTlVf°° Hpl' tensi °" is 

rf 31 In^nS^Sr bba ~ a l-eStf?i sS™ C !„ rr ??^re lng 

?^ 1 ?^l°rad^i U ;t?^-£hS -Ss 

Figure* 1 * Ti* 1 dSS?^ 5i£? ry to f these sa ” e elements is shown in 
axiany si«ssed SI I j! 3 !-" 9 ' e J ement 120 in the bond coat is 

KeTio 

axially during heatina more then .k thG boad coat tries to expand 

ceramic inte?fa« Sume!;? !s plScSS “ P ° n b °°ling, the 

of -141 MPa. ^ acec * lnto high axial compression 
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5.0 DISCUSSION 


associated^ith^egions" in h th^ hermal • barr i er coating has been 
bond coat, most of^hS points near asparities in the 

in the ceramic at the peak and ^ scu ® si °n f ocus on the regions 
encouraging to note tha? 4 le y lotions. It is most 

identified in Section 4 coinHrie^-f? high stress concentration 
experimenters with these materials^ Cracklng sites observed by 


guesses rather extracte^from^ ^ hS ceramic were educated 
interesting to compare ?he If d ? ta ' ifc is 
the ceramic against ceramic defined £. ^ ermal “ elastlc behavior in 
reiterate, normally ceramics a^n^ th -5 eep Properties. To 
that creep. However vttHl a ^®. "? t . con sidered to be materials 
u„ der e ; 0 been 

source orcompUaiS;e b Sd V reLxa?i t0 1 J c J ude a -icrocraiking as a 

Section 4 i 3 thS ! t ^° n of tensile stresses. From 

temperature 'creeo in ?hon! m ° dellng results did reveal low 
selection of the creep parameters . thlS WaS attributed to the 

seconds and^t^he^nd^f b ?he th^ ” ceramic interface at 350 
difference in stress and • ®rmal c yci e shows a considerable 

is compiled ?r™ ^to?v b^ots", mo,lels - Tabl ® = •! 

thermal-elastic behavior ?n fhn ° m S f ctlon 4 *i*l for the case of 
for the baselinecreep°behavior ™f 1C ' Section 4.!. 3 

e^nt^js.^rcool aJin 1 

elastic case, a^d a*°a°i 

the ceramic produce^lowe^stresses Jh Cle !! r that com P liance in 
This compliance, modeled her#» ac throughout the thermal cycle, 
be considered a re?llc?ion a f^ reep ? low . temperatures, may 
or microplasticity . 6Ctl0n microcr acking/ sintering phenomena 
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Table 5 i 

Comparison of stress and 'strain Behavior 




Cycle Time: 350 sec. 

Interface 

Geometry 

TBC 

element 

radial 

stress 

MPa 

axial 

stress 

MPa 

axial 

strain 

Sine 1 

M 

Sine 1 

91 

elastic 

tl 

creep 

91 

\ - 

445 

229 

445 

229 

Cyclt 

22 

2 

10 

4 

Time: 600 j 

348 

50 

143 

55 

== ====== 

sec. 

0.027 

0.014 

0.029 

0.017 

Interface 

Geometry 

TBC 

element 

n 

radial 

stress 

MPa 

axial 

stress 

MPa 

axial 

strain 

Sine_i 

Sine_i 

elastic 

creep 

445 

229 

445 

229 

95 

-70 

40 

-57 

65 

-148 

-125 

-148 

_ 

0.001 

-0.003 

0.002 

-0.002 


^ effect of R o nd Coat rTp 

Tile 6f f 6Ct Of bond coat” pfrr _ __ . 

ceramic was examined by using CTE valued? an J*. strain in the 
baseline and Ni-35Cr-6Al-0. 9 ? afthfl! 5° r Nl -16Cr-6Al-0. 3Y as 
mentioned, the data in Table -i a 0 h \ bigh CTE material. As 
cross. The Ni-35Cr-6Al-o 9Y allov ® how that the CTE curves 
up to 900°c, so it is only at the t£n of ^ fvf E at temperatures 
temperature range that +-hi<= _T, fte top of the thermal cycle 

This means that at low temperature? 0 *?? 117 haS a hi 9 her CTE. 
the bond coat and oeramlf ""«•»<» betw «" 
naterial than the baseline material „™ Hl - 3 5Cr-6Al-o.9y 
axial stress histories for i-hoco +• * however, examination of 
and 4.1.9 shows little difference i? ™ aterial ? in Figures 4.1.5 
during heating. At temp?ra?u?e ? 1Se in the ce ^mic 
CTE bond coat material generals slW?' J that the hL & 
than baseline material, but the diffSreJSe it nlgtlglt, iS?"" 

reported in TabL^ff^OT^he^S^CTrcurve ? 16 ?h ra,nic res P onse 
difference seems to be in the E f u ^ ves - The main 

Figures 4 . 1.1 and 4.1?9 ?o^tefcasfol ^ring 

r cne case of thermal-elastic ceramic 
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thfiiter?a m c P e re ?rthe at 

-^11 lor 

CTE at high temperature. 1S greater for the casa of high 

little°dif ference in J erainic ' Table 5.2 again shows 

differences A??^i i>r %S rain ^ C due to bond coat CTE 
ceramic^re * similar tor 2f£i “**' th f axial . stresses in the 
in sign for the radial st-rpcs f ond Coat materials. The change 

condition to compressive for the°?high« 1 CTE f conditi baS ? n *} e 
greater bond coat creep The m n f? SP ^? ndltlon is due to 

4 . 1.20 for the baseline case, a^id Fi^rl P P gUre 

case mdicat-p = 9 u f igure 4, 1.26 for the hiqh CTE 

in the "bond coat IgafJ "^seLft^ beh ? vior at ^eLnt 12 

particularl^at^the^interfac^valley? in the b °" d coat ' 

a comp^te?^ clea“po!uLn n o”Le n e«ert of^CTE ha ?„ n ?£is ead tD 
temperatures E f or £ JSS^STolS £**5“ 

creep of the bond coat a^d little co P resulted in more 

bone coat plays an impo?tanf^?4 S’dSSffiiS'JSrS.I'lS:. 

•ii general terms, a consistently hiaher ptf in u i 
will impose higher thermal «fv a oo ^ . ni "f; er 9 TE ln hhe bond coat 

the bond coat creep slrenothfl 5 "'r’"'* 11 " 9 and =°oling. If 

then the ceramic will exnS?eiL V h 4? h and the CTE - high, 

and will most likely crack if thPh h ^ gh sbresses on heating 

low, a high CTE will indnr.1 bbe bond c ? at creep strength is 

cooling cycle will cause the^oer C1 f ee £ duri ng heating. Then, the 

stressed.^ These ideas should be 3 ” 10 5 eCOine ^Pressively' 

iaeas should be examined more thoroughly. 
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Table 5.2. 

Comparison of Stress and Strain Behavior 



* n: CTE for Ni-i6Cr-6Al 
h: CTE for Ni-35Cr-6Al 


-0. 3Y 

■0.9Y (the 


"high" CTE material) 
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5,3 M fect of Rond Coat- Pr g ep Resistance 


coat ° f the *»* 

tensile stress in the ceramiS J ^f 'i^l " as to inc tease the 
MPa, and to decrease thlaxial interface peak by about 20 

elements by about that a .-™! 1 £f ess ln the °ther interface 
the highest axial st?ain position bu? a J h in the ceramlc remained 
in the bond coat increased from o' n ?7 /3? e corres P° nd ing strain 
(Figure 4.1.28). Therefore raisins ^ lgUre 4 * 1 * 16) to °* 028 
the bond coat had the expected effect^? ? reep c ? efficie nt, A, in 
level in the bond coat This f increasing the strain 

strain values in terms ofrH?ef w * der spread in final axial 

locations and in strain across the^ni-e 6 ^ 6611 th ® P ® ak and valla y 
results, a bond coat ^ith Maher crp^ er £ aCS \® ased on these 
coefficient) should give beSer r^e P strength (lower creep 
lower creep strength? Performance than a bond coat with 


5.4 


E ffect of Interf ace Geomel-r-y 


COmParlng 

valley region becomes tens^aVSe^o ^he^rSfc^fe . 

inter face^ressur^in^the^valley V”*” 9 • COC>1 down ' the 

meaning that a tensile slate exis?f acro^h^^ 4 ne 9 at ive, 
ceramic interface The ma «ra,-Z X i StS ^ across the b °nd coat - 

function of the geometry and the^moun ? 6 * nterface Pressure is a 
place, using SINE l geometrv k ^ ° f Creep that takes 
interface is reported^ be -45 mp* 361 ^' ^ h ® stress across the 
spacing (wave period) increases thp Vo ^ 01119 the rou 9 hness 
to 72 MPa, as shown by the SINE ?? ross the bond line 

the roughness (wave amplitude) Tncrease^the^In 5 : 3 ‘ Increasi ng 
the interface to 57 MPa a* • reases the tension across 

models with greater surface rouShie^* S ™ E - 2 data * Clearly, 
stresses across the int^face ?^^ 55 produce hi< ? he r tensile ' 

geometry mfy^e seeS b 5 a S?mpa?ina n thS° at ~ f eramic interface 
case SINE_l geometry, section 4 ? of the base line 

(Section 4 . 3 . 1 ) and Y SINE 2 geometry' Sectio^V ^?- 3 geometr y 
up and hold, the radial stresses ^ 4 * 2 * 1 * During heat- 

the ceramic are nearly 87% hiohAT- 9 ^^!^^ ln the P eak region of 

the SINE_l model, clZ^l A^rtl 4 1 tTan^A tha ° f ° r 

the radial stress values in the va n 0 ,’, nd 4.3.4. in contrast, 

two models, and therefore a much largL^dUr^re^graSient 
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» the 

F«r?hff e is s ° me 24 *.”°« tensile tha“tSe baseUnl case 
as well as film ^‘“cS^thS^Xi* 1 b ? tween the P eak and valley, 
closer spatially"*?" toe sSf 3 ?K an<J * VaUeys are much 

higher in the sLe_ 3 modefthan to^he Slhf is 

SINE2 "model "ha s^a "roughness of ITtilll &"S - the 

model. The axial atwln M-f?- 1,5 - . the basellne SINE 1 

and Figure 4.2 4 for SINE p Fig ? res 4 -l-16 for SINE l 

and the final strfin *** peak strains are higher" 

"rougher" SINE _2 geSme£?y 3 Wlder Spread for the 

increase^the^reJS irTth^hnnn rou J hness magnitude (SINE_2) 
along the critica/inte^face ° ndcoat a ? d the tendency to separate 

(SINE_3 ) increases toe stress concentoaWon lffecfartoe^" 1 " 9 



50 

51 

52 
ShO 
SaO 


SINE_l geometry 
SINE_l geometry 
SINE_i geometry 
SINE_3 geometry 
SINE _2 geometry 


baseline case 

higher CTE in bond coat 

A values in bond coat 
sine wave frequency = 2x baseline 
sine wave amplitude = l.5x baseline 
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interface peaks and increases creep of the bond coat. The 
gradient between peak and valley positions is intensified because 
the peak-to-peak spacing has been made smaller. The result is 
more constraint across the interface and a higher potential for 
cracking problems. 


Both roughness spacing and roughness magnitude have an 
impact on stress and creep near the interface. Since roughness 
is needed for mechanical bond strength, uniformity of the 
roughness is important, meaning that consistent deposition be 
achieved. Large aspar it ies in the interface geometry, as might 
■i? a j Sed variation in starting powder size or local build-up, 
will degrade the ceramic performance by providing debonding 
sites, it is also important to determine an optimum roughness. 
Mechanical bonding and stress concentration are competing 
e £^ S w tS ' and thei f e should exist some range of roughness below 
which the mechanical bond strength is reduced, and above which 
the stress concentration reduces TBC performance. 
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6.0 CONCLUSIONS 


i* = The USe °5 f n ? last ic-plastic constitutive model as opposed 

the TBC 6 svstem el di f fe ^? nt results for stress and strain in 

, C ^ all “ e lastic model was not run, but such as 

th^ iho° Ul ? haV ? n ° retained stress or strain upon completion of 
strain f? a ^u CyCle ’ n Tbe P resence of both retained stress and 
ShTri completion of the thermal cycle for these models 

Seep effect?! 6 ^ deformatlon shows the necessity of including 

o^ro« 0m analyses, cool down generates more aggrevating 

Thermal conditions than heating during the burner rig test. 

StlSs forShii 8 generate * during heating, but there are two 
rSiSL ? ^ stress. First, microcracking of the ceramic 

bnii ^V enSlle st 5 ess< Second, at higher temperatures, the 
at creeps and stresses are relaxed. During cooling, 
mar ,™! stresses are reintroduced, but there are no effective 
?n ?h2 1SlnS f ° r relleving stress. Even though the overall stress 
the bond 6 ^ai C ^ be . expressive , local stress concentrations at 
interface? " Ceran,lc lnt erface promote separation along the 

iAt^f£Si faC ? geomet fy has a pronounced effect on stress at the 
fh Increased roughness and decreased roughness spacing 
the stress concentration associated with peak and valley 
locations. Creep of the bond coat relieves stress during hiah 

° f the burner ri9 c r° le ' but tensnl stress 
the Sycle? nterface ls generated during the cool down portion of 

definitive position on the effect of bond coat CTE on tbc 
performance was not established by this project dufto the 
complexity of interactions. However, in comparing different CTE 
behaviors such as Ni-16Cr-6Al-0. 3Y and Ni-35?r-6A?-0*9Y 
materials, some preliminary differences can be noted. The latter 

«t?Te a Hl5? B a higber CTE onl y at temperatures above 900^. 

Howpvpr in stress st ate in the ceramic was seen. 

creep of the bond^ C ? E ** high tem P erature resulted in more 
? f th f bond coat and a greater strain cycle durinq the 

t£?Jl CyCle -- Th t fati g ue . resistance of the bond coat^s 
CTE 6 311 lmportant consideration in assessing the effect of 


perf^f I^KS’Saf ^r^r^s^ce 

stress Tn r ?hf le?a^c? hS b ° nd C ° at " ith ° Ut dec «asing the peak 

6. The use of a steady state creep model in the finite element 
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st?Isses N in E a D t^?o^ 1 ° b ® an . effective ” ethod *or examining TBC 
bv thIIJ iLl, W 1 ? urner rlq test ^le. The data produced 
reported ^ experiments. 39 " 6 at lMSt ^alitatively with 
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FIGURES 
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34 


Figure 3.1 .1 . Schematic of Models. 
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Figure 3.2. 



Topaz Modal: TEC Coat 5 
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Figure 3.2.2. Temperature - Time Curve for Burne 



t imr- 0.0B0E+B2 

9.GflE-fl5L. 
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igure 4.] .Nodes & Elements Referenced in Sec. 
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SINE_ 1 In '.erf ace : Base Band Maier lals r 
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Geometry with Base Case Bond Material, Elastic TBC and Core 



Inter face; Higher Bomi Coal CTE, Elastic TBC & Care 
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SIhC_l Interface: Higher Band Coal CTE r ElasiLc TBC £ Car 
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Axial Strain History Plot. 



SIMI.l InterfncE : Higher Band Cdb i CTE r Elasilc TBC 8< Car 
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Radial Stress History Plot. 
Figure 4.1.11 








SINE_1 Interface : Higher Band Caal CTE, Elastic TBC S, Care 
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Effective Strain History Plot. 
Figure 4.1.14 
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SINE_1 Interface Baseline Case 
Axial Strain History Plot. 

Figure 4.1.16 



SINE_ 1 In t cr f ace Geo mri r 
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SINE_1 Interface Baseline C 
Radial Strain History Plot. 

Figure 4 . 









Effective Strain History Plot 
Figure 4.1.20 



Sl(t_l Geometry, Higher CTC in Bond Coat 
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SINE_1 Interface Model with Higher CTE in Bond Coat 
Axial Stress History Plot. 

Figure 4.1.21 
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SINE_1 Interface: Higher Creep Coefficient 
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Simi Interface Model with Higher Creep Coefficients 
Kadial Strain History Plot. 

Figure 4.1.30 
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SINE_1 Interface Geometry with Lower B in TBC 
Axial Strain History Plot. 

Figure 4.1.32 
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SINE_1 Interface Geometry Model with Lower B in TBC 
Radial Strain History Plot. 

Figure 4.1.34 
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S3NE _ 2 Interface: Base Materials, i.Sx amplitude 



SINE_2 Interface Model with Base Materials and 1.5x Amplitude 
Radial Strain History Plot. 
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Axial Stress History Plot. 



SIh£_3 Interface: Higher BC CTE r 2x tVeij . 
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Radial Stress History Plot. 
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Smooth Interface Model - Radial Stress History Plot. 
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Smooth Interface Model - Radial Strain History Plot 



Appendix A 

Creep Models Implemented in NIKE2D 
Model 8 - Thermoelastic-Creep 

The material model used in this project and is based on the 
work of Krieg (1977) . The creep rate is given by an equation of 
the form: 

e = a | a | b 

where e is the instantaneous creep rate, 
a is the effective stress, and 

a, b are temperature dependent material parameters. 

Additionally, the shear (G) and bulk (K) moduli are also entered 
as functions of temperature. Thermal expansion effects are 
accounted for through the inclusion of temperature dependent 
secant coefficients of thermal expansion (a) . 


Model 11 - Unified Creep Plasticity 

Model 11 is a version of a unified creep plasticity model. 
The model requires a large number of constants and, as 
implemented, is temperature dependent only the extent that the 
heat of deformation is taken into consideration. The model has 
the following form: 


where 


a = [E /(1+ ) ( 1-2 ) ] tr ( e ) 1 + (E/(l+ ))(e - eP) , 
eP = f(T)sinh[(| | — Y (T) ) /V (T) ] /| | 

a = k(T) (1-6) eP-(g(T)+h(T) | eP| ) |a|a/ (1-fi) 

= k(T)6| eP| -(g(T)+h(T) | eP| ) 2 


= s - a 

V (T) = C^exp ( - C 21 /T) 
Y(T) = C 3 exp (C 4 /T) 
f(T) = C 5 exp (-C 6 /T) 
h (T) = C 7 exp (~C 8 /T) 
k(T) = C 9 exp (-C 10 /T) 


(rate dependent yield stress) 
(rate independent yield stress) 
(transition to rate dependency) 
(hardening) 

(dynamic recovery) 
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g(T) = C n exp(-C 12 /T) 
T = (0.95/ C v )aeP 


(diffusion controlled static 
or thermal recovery) 


No has been made to use this model due to the 

fficulty of locating data for the numerous constants required. 


M odel 23 - Primary. Sec ondary. Tertiary Creep 


Model 23, an isothermal primary, secondary, 
tertiary creep model has a form of: 


and 


e = aa n t m 


where e 

a 

t 

a, n, 


is the effective creep, 
is the effective stress, 
is effective time, and 
and m are material parameters. 


The parameter m dictates which regime the model represents, 
primary creep for m<l, secondary for m=l, and tertiary for m<l. 

rf^enH 0 ^ dlf i Cati ° n t0 this model provided for the temperature 
pendence of a, n, Y, and pr, and the introduction of a 

dependent coefficient of thermal expansion, a. This 
modification was encoded but, to date, the results have not been 
sat ^ s ff ct ? ry and further work will be required before the 

iso ^V tS impl ® mentation can be considered suitable for non- 
lsothermal creep simulations. 


Model 24 Deformation Mechanism 


2 i a ? im P lementati °n of various deformation 

avail2bl^'on?^ l0Wlng A ® hb Y- * our distinct sets of equations are 

Initial work isinS%M i S ? - S effect durin< ? an Y one simulation, 
initial work using this model in its power law creep mode proved 

unwieldy due to the number of constants which need to be ? 

determined. The equation has the form: 


e = T 0 /T (aa/sG) 1 / m exp (-Q/T) 


where e 

<7 

T 

Q 

s 

a. 


l O r 


is the effective creep rate, 
is the effective stress, 
is temperature, 

is a normalized activation energy, 
is a strength parameter, 
and m are material parameters. 
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The change in the strength parameter, s 
the strain rate and current strength: 


, is defined in terms of 


s 

where k^, 


= k;L€ n l + k 2 € n 2S n 3 

n^ are material dependent parameters. 
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Appendix B 

tst-and - Adttntive Sol ution Control for NIKE 2D 


SSrSSTSIJi.” 

earlier states with new solution parameters is a so and 

?his feature of NIKE2D provides a superior level of control and 


adaptivity . 
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Appendix c 


Auxiliar y FEA Model Results 
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SINE_1 Interface Geometry with Base Case Bond Material, 
Maximum Principal Stress History Plot. 
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Hoop Stress History Plot. 
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SINE_1 Interface Model with Higher CTE in Bond Coat 
Interface Normal Pressure History Plot. 


S3NE_1 Geometry, Higher CTE in Band Caak 
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SINE_1 Interface Model with Higher CTE in Bond Coat 
Hoop Stress History Plot. 




SINE_1 Geometry,. Higher CTE in Band Cast 
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SINE__1 Interface Model with Higher CTE in Bond Coat 
Maximum Principal Stress History Plot. 
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